Shigella flexneri causes bacillary dysentery in humans by invading epithelial cells of the colon, which is characterized by an acute polymorphonuclear leukocyte (PMNL)-rich inflammation. Our recent studies demonstrated that cadaverine, a polyamine, specifically acts to abrogate transepithelial signaling to PMNL induced by S. flexneri. Here, insight is provided into the cellular mechanisms by which cadaverine attenuates the ability of Shigella species to induce PMNL signaling. It was found that cadaverine retards the lysis of the Shigella species-containing vacuole, suggesting that a blockade is established, in which the pathogen is prevented from adequately interacting with the cytoskeleton. Furthermore, an IcsA mutant of S. flexneri that cannot interact with the cytoskeleton and spreads intercellularly fails to induce transmigration of PMNL. Results indicate that cadaverine-induced compartmentalization of Shigella species to the phagolysosome might be a protective response of the host that directly contributes to the diminished ability of PMNL to transmigrate across model intestinal epithelia.
The molecular biology of the pathogenicity of Shigella species has been analyzed in great detail, and the invasion capacity of this pathogen has been localized to a 31-kb segment in the virulence plasmid. This segment is organized in 2 divergently transcribed regions that encode secreted IpaA-D proteins and a type III secretion system (the Mxi-Spa secretion apparatus) [7] [8] [9] [10] . The virulence plasmid also encodes icsA, a gene essential for intracellular and intercellular actin-based movement [4, 11, 12] . Such actin-based movement occurs within the cytoplasm and is orchestrated by the assembly of host cell actin filaments into a tail that forms at one pole of the bacterium [11] and provides the motive force that propels the bacterium forward through the cytoplasm [6, 13] . It is not surprising that icsA mutants are competent in their ability to both enter cells and lyse the phagosomal membrane but fail to polymerize actin [11] . Thus, these mutants have lost the capacity to facilitate a rapid and randomly oriented intracellular movement and cannot spread from one cell to another [12, 14] . Since icsA mutants administered intragastrically to macaque monkeys cause only mild clinical symptoms of dysentery [12, 15] , it can be concluded that the ability of Shigella species to disseminate intra-and intercellularly is crucial for the clinical manifestations of the disease.
The histopathology of shigellosis is defined by diffuse erythema and swelling of the mucosa, focal hemorrhages, and a purulent exudate [16, 17] . Such an acute mucosal inflammatory response is primarily characterized by a massive influx of neutrophils into the intestinal mucosa. At the later stage of shi-gellosis, these histopathologic lesions cannot be differentiated from those observed in patients with acute ulcerative colitis. This implies that the identification of bacterial properties that elicit transepithelial signaling of polymorphonuclear leukocytes (PMNL) is not only essential to the understanding of the sequence of events in response to infectious challenge but also may provide insights into the molecular events of inflammation in the absence of pathogens.
Although little is known regarding the nature of the Shigellainduced signaling cascades, which direct neutrophil transepithelial migration, recent investigations are beginning to shed some insight into this complex phenomenon. These studies have shown that, as a result of Shigella species infection, PMNL transmigration occurs and facilitates bacterial invasion at the basolateral membrane domain [18] . Subsequent investigations further suggest that interleukin-8 appears to be an essential chemokine in the control of such Shigella transepithelial translocation [5] . In addition, we have shown previously that the ability of Shigella flexneri to induce PMNL signaling is dependent on expression of genes located on the invasion plasmid of S. flexneri and that noninvasive S. flexneri fail to induce transepithelial PMNL migration across model intestinal epithelia [19] .
To analyze the pathways of mucosal inflammation induced in response to S. flexneri, we have taken advantage of recent observations in the field of bacterial evolution. The evolution of bacterial pathogens from their nonpathogenic ancestors is generally thought to proceed through the horizontal acquisition of virulence genes. A complement to the acquisition of genes that encode virulence traits is the generation of "black holes," or the loss of "antivirulence" genes that are incompatible with virulence [20] . Such a concept of black holes as an element of bacterial pathogen evolution was demonstrated recently in S. flexneri for the lysine decarboxylase gene, cadA [20] . This enzyme is responsible for the decarboxylation of lysine to cadaverine and CO 2 . Although the gene for cadA is absent in Shigella species, it is present in nearly all isolates of the closely related nonpathogen Escherichia coli. Introduction of the E. coli cadA gene into S. flexneri and expression of lysine decarboxylase result in the inhibition of Shigella enterotoxin activity. This inhibition is due to the production of cadaverine from the decarboxylation of lysine [20] . We recently demonstrated that cadaverine also acts directly on intestinal epithelial cells, to specifically abolish the transepithelial signaling to PMNL induced by virulent S. flexneri [21] . These observations support the notion that proinflammatory events induced by S. flexneri that govern PMNL trafficking across intestinal epithelia are mediated, in part, by a specific cadaverine-sensitive pathway and thus provide an important clue toward understanding the nature of Shigella-induced mucosal inflammation.
Cadaverine (1,5 diaminopentane) is one of a family of small aliphatic nitrogenous bases (polyamines) that function as highly charged multivalent cations in eukaryotic cells [22] . The physiologic importance of polyamines arises from their implied participation in a variety of cellular processes, such as the regulation of the synthesis of DNA, RNA, and protein and of growth and differentiation. Polyamines originate from endogenous (microflora) and exogenous (food) sources and are absorbed by both the large and small intestine, respectively [23] . There is little evidence to indicate whether polyamines are taken up by bacteria; however, recent studies indicate that endogenous cadaverine can lead to a decrease in porin-mediated outermembrane permeability in E. coli [24] , possibly as part of an adaptive response to acidic conditions. Moreover, evidence demonstrating that polyamines are essential for epithelial cell migration, for the normal repair of gastric duodenal erosions, and for normal growth implicates lumenal polyamines in the modulation of intestinal growth and development and in the protection of the intestine from injury and inflammation [25, 26] . Because of the importance of these observations in understanding S. flexneri pathogenesis, as well as for the potential therapeutic use of cadaverine in the treatment of shigellosis, we sought to investigate the cellular and potential molecular mechanisms by which cadaverine attenuates the ability of Shigella species to induce PMNL signaling.
Materials and Methods
Cell culture monolayers. T84 intestinal epithelial cells (passages 46-66) were grown in a 1:1 mixture of Dulbecco-Vogt modified Eagle medium (DMEM) and Ham's F-12 medium supplemented with 15 mM HEPES (pH 7.5), 14 mM NaHCO 3 , 40 mg/mL penicillin, 8 mg/mL streptomycin, and 5% fetal bovine serum. Monolayers were grown on 0.33-cm 2 suspended collagen-coated permeable polycarbonated filters (Costar) and were used 7-14 days after plating, as described elsewhere [27] [28] [29] [30] . Inverted monolayers used to study the invasion capacity of bacteria and PMNL transmigration in the physiological basolateral-to-apical direction were constructed, as described elsewhere [29, 30] . A steady-state transepithelial cell resistance, ∼1500
, was reached in 5 days, 2 ohm 7 cm with variability largely related to cell passage number. Monolayers received 1 weekly feeding after initial plating.
Bacterial strains and growth conditions. A wild-type strain of S. flexneri 2a, 2457T, is invasive in HeLa cells and T84 cells [19] and is Sereny-test positive [31] . BS103 is a plasmid-cured derivative of 2457T [32] and is noninvasive and completely avirulent. BS543 is a icsA(virG) deletion derivative of 2457T [33] .
Bacteria were routinely grown at 37ЊC in trypticase soy broth (TSB; Difco). Stationary-phase culture (100 mL) was used to inoculate 10 mL of TSB, and the bacteria were grown in a shaking incubator for ∼2 h at 37ЊC to mid-exponential phase (optical density of 0.30 at 600 nm). Trypticase soy agar is TSB containing 12 g/L of Bacto Agar (Difco) [19, 21] and was used to assess viable bacterial colony-forming units.
Cadaverine treatment. Cadaverine (Sigma) was reconstituted in water at a stock concentration of 20 mM. Subsequent dilutions were prepared in Hanks' balanced salts solution containing Mg 2ϩ , Ca 2ϩ , and 10 mM HEPES (pH 7.4; HBSS ϩ ; Sigma), to achieve a concentration of 300 mM. In every experimental study, bacteria were resuspended at cfu/mL in HBSS ϩ containing 300 mM cadaverine. Bacteria, in the continued presence of cadaverine, then were added to the basolateral surface of inverted T84 cell monolayers or glass coverslips (see below). If not stated otherwise, bacteria added to T84 cell monolayers in the absence of cadaverine were referred to as the control conditions. S. flexneri invasion into T84 intestinal epithelial monolayers. T84 monolayers were infected according to the method of McCormick et al. [34] with slight modification [19] . Inverts were drained of media and were washed gently with HBSS ϩ . Bacterial samples representing a concentration of cfu/mL were ad- 8 5 ϫ 10 ministered to the basolateral epithelial cell surface at an inoculation ratio of 20 bacteria/epithelial cell. These monolayers were incubated for 90 min at 37ЊC and thereafter were treated with 50 mg/ mL gentamicin for 3 h at 37ЊC.
Transmission electron microscopy (TEM). Polarized T84 cell monolayers grown on collagen-coated permeable supports were infected at their basolateral surfaces for 90 min with either wildtype S. flexneri 2457T, 2457T plus cadaverine, or the isogenic icsA mutant strain BS543. A subset of experiments also was analyzed by TEM after the completion of a PMNL transepithelial migration assay performed in the absence and presence of cadaverine (300 mM). Monolayers were processed initially for TEM by fixation with 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) at 4ЊC. The cells then were rinsed with cacodylate buffer and were postfixed for 30 min in 1% osmium tetroxide. After dehydration in ascending concentrations of ethanol, the samples were embedded in epoxy resin. Ultrathin sections conventionally stained with uranyl acetate and lead citrate [35] were observed by use of a Philips 301 electron microscope.
Chloroquine-resistance test. The capacity of bacteria to lyse the membrane of the phagocytic vacuole was evaluated by using a chloroquine-resistance assay [36] . This assay is based on the observation that chloroquine is concentrated by epithelial cells in endosomes and can kill bacteria that remain within the phagocytic vacuole. Bacteria that reach the host cytoplasm are protected from the chloroquine. In this assay, polarized monolayers of T84 epithelial cells were infected at their basolateral cell surfaces with S. flexneri at an MOI of 20 bacteria/epithelial cell in either the presence or absence of 300 mM cadaverine for 20, 30, 45, and 60 min at 37ЊC. After these incubation times, the infected monolayers were washed with HBSS ϩ and were incubated for an additional 45 min at 37ЊC with gentamicin (50 mg/mL), with or without chloroquine (100 mg/mL). Next, the cells were washed and lysed with Triton X-100, and the cell lysates were diluted and plated onto MacConkey agar plates. Colony-forming units were counted after overnight incubation and were expressed as the number of chloroquineresistant bacteria.
Proliferation assay. Polarized monolayers of T84 epithelial cells were infected at their basolateral cell surfaces with S. flexneri at an MOI of 20 bacteria/epithelial cell in either the presence or the absence of 300 mM cadaverine for 90 min to establish a state of infection. The infected monolayers were washed with HBSS ϩ and were incubated for an additional 60 min at 37ЊC with gentamicin (50 mg/mL) to remove the adherent population of bacteria. The number of intracellular bacteria at the time gentamicin was added (time zero [t 0 ]) and at 1-h intervals thereafter (up to 3 h) were quantified subsequently. The cells were lysed with Triton X-100, and the cell lysates were diluted and plated onto MacConkey agar plates. Colony-forming units were counted after overnight incubation.
Plaque assay. Intercellular dissemination was evaluated by use of the plaque assay on Caco-2 cells, as described elsewhere [37] . In brief, Caco-2 cells ( cells) were grown on 6-well plates 5 2 ϫ 10 for 7 days at 37ЊC with 10% CO 2 . Confluent Caco-2 cell monolayers were infected with S. flexneri (concentrations of to 2 1 ϫ 10 ) in the presence or absence of 300 mM cadaverine. After 2 5 1 ϫ 10 h of incubation, the monolayers were washed with DMEM and were incubated for an additional 48 h in the presence or absence of the polyamine in DMEM supplemented with 20% fetal bovine serum, 50 mg/mL gentamicin (to kill extracellular bacteria), and 0.5% agarose. Last, the agarose was removed, and the cells were washed, fixed in 4% paraformaldehyde, and stained with Giemsa.
PMNL transepithelial migration assay. The physiologically directed (basolateral to apical) PMNL transepithelial migration assay has been detailed elsewhere [21, 30] . Human PMNL were isolated from normal volunteers, as described elsewhere [30, 38] . Transmigration was quantified by assaying for the PMNL azurophilic granule marker myeloperoxidase, as described elsewhere [30] . After each assay, the number of transmigrated PMNL was estimated from a standard curve. Such PMNL populations represent the total number of PMNL that had completely traversed the monolayer (i.e., into the basolateral reservoir).
Giemsa staining. T84 cells were grown to 50%-70% confluency on -mm glass coverslips and were infected at an MOI of 18 ϫ 18 80 cell-associated bacteria/epithelial cell with wild-type S. flexneri 2457T, either with or without the addition of cadaverine (300 mM). The cells were processed subsequently for both Giemsa staining and single and double immunofluorescence labeling. The 2457T isogenic derivative BS543 (icsA Ϫ ) was analyzed similarly. In brief, after a 90-min infection at 37ЊC, the cells were washed, and gentamicin (50 mg/mL) was added to eliminate extracellular bacteria. Monolayers then were incubated for an additional 3 or 6 h at 37ЊC. At these times, cells were washed, were fixed for 20 min in PBS containing 2.5% paraformaldehyde, and were processed for Giemsa staining. Preparations were observed by use of a conventional fluorescence microscope (Nikon Eclipse E800).
Statistical analysis. All results are expressed as the mean ‫ע‬ of an individual experiment done in triplicate n times. P values SD were calculated according to the Student's t test, and was P ! .05 considered to be statistically significant.
Results

Electron microscope analysis of S. flexneri invasion under conditions of cadaverine treatment.
We have shown recently that cadaverine treatment of T84 epithelial cell monolayers results in a significant decrease in the capacity of S. flexneri to elicit PMNL transepithelial migration [21] . However, since cadaverine treatment does not alter the ability of S. flexneri to enter into epithelial cells, we reasoned that this polyamine might have an inhibitory influence on the postentry events essential to Shigella pathogenesis (namely, escape from the phagocytic vacuole and intra-and intercellular dissemination). To examine this notion, a morphologic approach was used to initially observe the invasion of Shigella species into T84 epithelial cell mono- layers treated in the absence and presence of 300 mM cadaverine, which is the standard concentration used throughout these studies and the concentration that is consistent with what has been reported elsewhere [21] .
We examined the ultrastructural alterations exhibited by S. flexneri-infected T84 cell monolayers after a 90-min invasion at the basolateral surface (figures 1 and 2). Figure 1A represents the ultrastructure of control T84 cell monolayers in the absence of either bacterial infection or treatment with cadaverine. Clearly shown is the distinct polarization of apical and basolateral membrane domains, in addition to the normal architectural arrangement of the cytoplasm and organelles. Likewise, T84 cell monolayers treated with only cadaverine (300 mM) displayed a similar, intact, ultrastructural organization (data not shown). However, during Shigella invasion of T84 cell monolayers under control conditions, the ultrastructural integrity of the epithelial cell was altered severely and resulted in extensive damage to the polarized monolayer (figure 1B).
Although the degree of host cell injury varied among cells, most cells were affected to some extent. As an example, in most cells infected with S. flexneri, the cytoplasm was critically impaired, as shown by the loss of ultrastructural organization and distinguished by the appearance of electron translucent vacuoles (clear zones void of cytoplasmic components). The appearance of such vacuoles has been described elsewhere [39, 40] and reflects the profound intracellular damage to the epithelial cell monolayer and subsequent loss of the ultrastructure integrity. In addition, the liberation of the pathogen into the host cell cytosol was clearly evident. In other cells, which represented a small population overall, the ultrastructural integrity was less compromised. Nonetheless, in every cell examined, S. flexneri clearly was able to migrate into the host cell cytoplasm and to establish close contacts with the cytoplasmic components. In the presence of cadaverine, although S. flexneri was able to enter polarized T84 cell monolayers, the pathogen was restricted noticeably to the phagocytic vacuole. This observation coincided with the loss of S. flexneri residing freely within the host cytoplasm ( figure 1C and 1D and figure 2C ). Only occasionally did we observe S. flexneri residing freely within the host cell cytoplasm ( figure 1D) . Furthermore, the extensive ultrastructural damage, which occurred under control conditions during S. flexneri infection, was considerably diminished when the infection occurred in the presence of cadaverine ( figure 1D ). These data collectively suggest that cadaverine has an adverse affect on the ability of S. flexneri to modulate the postentry steps requisite for its pathogenesis.
In addition to the ultrastructural alterations, we also observed the ability of S. flexneri to govern postentry events in the absence versus in the presence of cadaverine. As shown in figure 2 , under control conditions, we observed S. flexneri residing freely within the host cytoplasm and exhibiting actinbased motility. This was evident by the ability of the pathogen to assemble F-actin tails emanating from 1 pole of the bacterium and was distinguished by the appearance of an electrondense area trailing out from one end of the bacterium ( figure  2A) . Moreover, motile S. flexneri also could be seen in large vacuoles surrounded by 2 membranes ( figure 2B ). This membrane assembly is indicative of vacuoles that are generated when the bacteria spread into an adjacent cell by forming "fingerlike projections" [41] and is a key virulence determinant. However, under conditions of cadaverine treatment, we were unable to capture actin-based movement and, instead, employed fluorescence microscopy to determine whether cadaverine altered the ability of S. flexneri to polymerize actin. To stain for F-actin, paraformaldehyde-fixed Shigella-infected T84 epithelial cells were permeabilized with 0.1% Triton X-100 and were incubated in the presence of rhodamine phalloidin. S. flexneri were labeled by indirect immunofluorescence, using a polyvalent anti-Shigella lipopolysaccharide antibody conjugated with fluorescein isothiocyanate. We demonstrated that S. flexneri could polymerize actin, regardless of the presence of cadaverine (data not shown). Taken together, these data led us to speculate that cadaverine may induce compartmentalization of Shigella species to the phagolysosome.
Effect of cadaverine on the ability of S. flexneri to lyse the phagocytic vacuole. S. flexneri is a pathogen that evolved to exploit the normal defense response of the host to promote its own dissemination. A fundamental step in this process is the ability of the pathogen to lyse the phagocytic vacuole and become liberated into the host cytoplasm. Once in the host cytoplasm, S. flexneri then acquires the ability to proliferate and colonize the infected cell and neighboring cells. To begin to understand the molecular basis of the results observed in the electron microscopic analysis, we reasoned that cadaverine might antagonize the ability of S. flexneri to lyse the phagocytic vacuole. In this regard, fewer bacteria would be released into the host cytoplasm, and, in turn, fewer bacteria would be able to spread intra-and intercellularly. To examine this possibility, we used the chloroquine-resistance assay [36] to assess the ability of S. flexneri to lyse the phagocytic vacuole during an infection of T84 polarized cell monolayers in the presence of cadaverine. When administered to epithelial cells, chloroquine is sequestered in endosomes and kills the bacteria that remain in the phagocytic vacuoles but not those that have escaped and reached the cytoplasm. Thus, S. flexneri-infected T84 cell monolayers were treated with either gentamicin alone (to select intracellular bacteria) or with gentamicin and chloroquine (to select the intracellular bacteria that escape from the phagolysosome).
Since S. flexneri have the capacity to lyse the phagocytic vacuole membrane after entry into the host cells, we used chloroquine resistance as a function of the phagolytic activity of the pathogen in the absence and presence of cadaverine. We found that S. flexneri infecting polarized monolayers of T84 cells during a 90-min time course in the absence of cadaverine .
exhibited a progressive increase in their capacity to escape from the phagolysosome ( figure 3 ). This was demonstrated by an increase in the number of chloroquine-resistant S. flexneri over time. By contrast, under conditions of cadaverine treatment, S. flexneri infection of T84 cell monolayers failed to exhibit a comparable increase in chloroquine-resistant bacteria over time. These results demonstrate that chloroquine effectively kills S. flexneri that remain trapped inside phagolytic vacuoles during treatment with cadaverine and further suggest that cadaverine may interrupt the ability of S. flexneri to escape from the phagolysosome. In addition, such striking differences in chloroquine resistance during S. flexneri infection in the absence and presence of cadaverine is unlikely attributed to a variation in the invasion capacity [21] . Consistent with this finding, no significant difference was observed in the ability of S. flexneri to invade T84 cell monolayers under control versus cadaverinetreated conditions ( vs. of origi-1.3% ‫ע‬ 0.34% 0.95% ‫ע‬ 0.27% nal inoculum internalized for control vs. cadaverine treatment).
We further reasoned that, if cadaverine attenuates the ability of wild-type S. flexneri to escape the phagolysosome, then over a prolonged time of infection, wild-type S. flexneri in the presence of this polyamine should exhibit a reduction in intracellular growth. This notion is based on evidence indicating that S. flexneri proliferate in host cells only when they gain access to the cytosol [42] . To test this concept, T84 cells were infected with either S. flexneri 2457T or S. flexneri 2457T and cadaverine for 90 min at 37ЊC, and then the proliferation capacity of S. flexneri was determined after 3 h (detailed in Methods and Materials). We defined the addition of gentamicin as t 0 . Because the gentamicin kills extracellular bacteria but not bacteria present within the host cell cytoplasm, the number of colony-forming units obtained from gentle lysis of the T84 cell monolayer at different times after infection can be used to determine the proliferation capacity. We found that 3 h after gentamicin treatment, wildtype S. flexneri exhibited a proliferation capacity that was 140-fold higher relative to t 0 , whereas wild-type S. flexneri in the presence of cadaverine displayed a proliferation capacity that was only 33-fold higher relative to t 0 . As a negative control and to establish background values, we included S. flexneri strain BS103, a plasmid-cured derivative of wild-type 2457T [32] that is invasion defective and completely avirulent. We found that BS103 exhibited a proliferation capacity that was only 10-fold higher relative to t 0 . Thus, these data are consistent with the notion that cadaverine may act to prevent or, at least, retard the release of the bacteria from the phagocytic vacuole.
Influence of cadaverine on the spreading capacity of S. flexneri. Since our results indicate that cadaverine might antagonize the ability of S. flexneri to lyse the phagocytic vacuole, it is possible that downstream steps involved in Shigella pathogenesis also would be affected. Therefore, we next sought to determine whether the ability of S. flexneri to disseminate was compromised under conditions of cadaverine treatment. Thus, a Giemsa staining technique was used to evaluate the spreading index of S. flexneri in T84 cell monolayers treated with cadaverine. In this assay, T84 cell monolayers were infected with S. flexneri for 90 min at 37ЊC under control conditions before a 3-h treatment with gentamicin (50 mg/mL) to kill the extracellular bacteria (detailed in Materials and Methods). As shown in figure 4A and 4C, wildtype S. flexneri clearly was able to invade and colonize the inner areas of the T84 epithelial cell islets by 3 h after infection. These results are consistent with previous studies [40] and suggest that S. flexneri can disseminate intracellularly and efficiently colonize the T84 epithelial cell islet.
When S. flexneri was added to T84 cell monolayers in the presence of 300 mM cadaverine, the bacteria maintained their ability to invade T84 epithelial cells, but, by 3 h after infection, the pathogen displayed a marked localization to only the periphery of the epithelial cell islets ( figure 4B and 4D) . These results suggest that, under conditions of cadaverine treatment, S. flexneri fail to successfully disseminate within epithelial cells, since fewer bacteria are released into the host cytoplasm (figure 3), and hence fewer bacteria would be able to exhibit the intracellular spreading phenotype.
We next determined the extent of the reduced spreading phenotype of S. flexneri in the presence of cadaverine by comparing wild-type S. flexneri with the spreading pattern of BS543, which is an S. flexneri 2457T strain that harbors a mutation in the icsA gene. As a result of this mutation, BS543 is able to efficiently enter epithelial cells and to lyse the phagolysosome, but has lost the ability to spread intra-and intercellularly. As expected, the defective spreading pattern exhibited by the wild-type Shigella strain treated with cadaverine resembled the defective spreading phenotype displayed by the icsA mutant strain (figure 4D and flexneri, the T84 cell monolayers were washed, and gentamicin was added to eliminate extracellular bacteria. Monolayers were incubated for an additional 3 h at 37ЊC and then were fixed and stained with Giemsa. T84 cells infected by 2457T (wild type; A and C), wild-type plus 300 mM cadaverine (B and D), and the icsA mutant BS543 (E) are shown (original magnification, ϫ65). Wild-type S. flexneri were able to disseminate within the T84 cell islet (A and C; *), whereas S. flexneri plus cadaverine and the icsA mutant strain were retained at the peripheral zones of the T84 cell islet (B, D, and E; arrows). Bar represents 5 mm.
4E; 3 h after infection). Furthermore, even at 6 h after invasion and under conditions of cadaverine treatment, wild-type S. flexneri still were localized preferentially to the periphery of the T84 cell islets (data not shown).
On the basis of our results thus far, we have shown that cadaverine treatment may arrest or, at least, retard the lysis of the Shigella-containing vacuole, thereby providing a blockade that obstructs the spreading capacity of the pathogen. Shigella species are motile in the cytoplasm and, for proper dissemination, require 2 motility phenotypes. The first one, intracellular movement, results from the ability of Shigella species to divert actin and associated actin-binding proteins to generate a cytoskeletal-based propeller that pushes the bacterium forward. The second one, intercellular movement (cell-to-cell spread), requires the formation of a protrusion at the inner face of the host cytoplasmic membrane that allows for the passage of S. flexneri into neighboring cells. Thus, a prerequisite for intercellular spread is intracellular motility mediated by the ability of liberated S. flexneri in the host cytoplasm to polymerize actin monomers.
We already have established via fluorescent microscopy that cadaverine treatment does not prevent the ability of Shigella species to polymerize actin (data not shown). Thus, we next sought to determine whether cadaverine treatment prevented the ability of S. flexneri to spread intercellularly (i.e., from cell to cell). In this context, a reliable measure of intercellular motility is the ability of S. flexneri to produce plaques in tissue culture monolayers (for details, see Materials and Methods) [37] . The formation of plaques in cell monolayers requires an incubation period of 24-48 h. Since prolonged incubations with S. flexneri totally destroyed the T84 cell monolayer (data not shown), it was necessary that the assay be performed using a different human intestinal epithelial cell line, Caco-2. Thus, Caco-2 cell monolayers were infected for 48 h with S. flexneri in the absence and presence of 300 mM cadaverine and were examined for plaque formation. We found that, despite cadaverine treatment, Shigella-infected monolayers exhibited the ability to induce plaque formation (data not shown). Therefore, these results suggest that cadaverine does not inhibit Shigellainduced actin-based intracellular motility or intercellular movement and further substantiate that the functional affect of this polyamine, with respect to the early steps of Shigella pathogenesis, is targeted to the phagolysosome.
Our observations thus far indicate that cadaverine treatment of S. flexneri-infected T84 cells attenuates bacteria lysis from the phagolysosome without preventing either inter-or intracellular dissemination. This observation led us to consider that compartmentalization of Shigella species to the phagolysosome might be a host protective response that directly contributes to the diminished ability of PMNL to transmigrate across model intestinal epithelia. In this regard, S. flexneri, in the presence of cadaverine, would be interrupted in their ability to interact with the host cytoskeleton and foster successful dissemination.
To determine whether cytoskeletal events are linked to the ability of Shigella species to induce PMNL transepithelial migration, we examined the inter-and intracellular spread-deficient strain BS543 (icsA Ϫ ) for the ability to induce PMNL transepithelial migration. In this case, BS543 can lyse the primary vacuole and is free in the cytosol but is not able to interact with the host cytoskeleton. We found that S. flexneri strain BS543 was as efficient as its parent strain at entering the basolateral surface of polarized T84 epithelial cells ( figure 5 ). However, relative to wildtype 2457T, the icsA mutant BS543 demonstrated a significant reduction (95%) in the ability to induce PMNL transepithelial migration ( figure 5 ). This result is representative of 1 of 4 experiments, in which the percentage of inhibition varied from 70% to 98%. By comparison, S. flexneri BS103 (the plasmid-cured strain), which served as the negative bacterial control, was nearly completely invasion defective and failed to induce PMNL transepithelial migration. Consistent with these findings the ability of wild-type S. flexneri to successfully disseminate intra-and intercellularly is essential for the induction of the intense inflammatory response in vivo [12, 15] .
Discussion
In the present study, we investigated a potential mode of cadaverine action by considering the possibility that this polyamine might specifically interfere with Shigella postentry events, namely, lysis of the phagosome or intra-and intercellular dissemination. Our data reveal 2 key findings. First, we demonstrated that the inhibitory influence of cadaverine on the ability of S. flexneri to induce PMNL transepithelial migration correlates with a profound reduction in the capacity of S. flexneri to induce structural injury to epithelial cells and to support the intra-and intercellular spreading phenotype. Indeed, both quantitative and morphologic analyses indicate that this reduction was largely due to the inability of S. flexneri to efficiently lyse the phagocytic membrane after entry rather than to the inability to polymerize actin. These data imply that a blockade is established in which the pathogen is prevented from successfully interacting with the host cytoskeleton. Second, our results also reveal that the expression of the cell-spreading phenotype is necessary for the ability of S. flexneri to induce PMNL transepithelial migration. Specifically, the S. flexneri icsA mutant, which can be liberated into the host cytosol but does not interact with host cytoskeleton and which is unable to spread, also failed to induce signaling to PMNL. These observations not only provide further insight into the disease pathophysiology of Shigella infection but also suggest a critical connection between the ability of S. flexneri to exhibit a spreading phenotype and the ability of this pathogen to induce signaling to neutrophils.
Several key observations provide evidence indicating that cadaverine adversely affects the ability of S. flexneri to lyse the phagocytic vacuole. First, morphologic evaluation by TEM (figures 1 and 2) and light microscopy (figure 4) revealed intracellular bacteria located at the periphery of T84 cell islets and largely confined to the phagocytic vacuole. Second, quantitative analysis by the chloroquine-resistance assay and the proliferation assay both confirmed that S. flexneri was significantly less efficient at escaping from the phagocytic vacuole. However, how cadaverine is able to inhibit or, at least, retard S. flexneri from escaping the phagocytic vacuole is still a matter of speculation, and further experiments will be necessary to dissect out the molecular components involved in this process.
A major challenge in our ability to examine the molecular mechanisms in detail is that the functions attributed to polyamines are numerous and that their modes of action at the molecular level still remain largely undefined. Nevertheless, on the basis of our results reported here and what is known about the function of polyamines in this context, we envisage at least 2 potential strategies for the action of cadaverine in our model system. It is possible that cadaverine might function to stabilize the membrane of the phagolysosome against S. flexneriinduced lysis. Indeed, many studies support the notion that polyamines exert an important role in major biological membrane functions due to their ability to stabilize membranes (see reviews [43, 44] ). Polyamines also protect plant protoplasts against lysis and retard their senescence [45] . Related to these findings, Ballas et al. [46] demonstrated that intracellular physiologic concentrations of some polyamines decreased red blood cell deformability and increased their mechanical stability. Therefore, it is tempting to speculate that cadaverine might function in a similar fashion on the phagocytic vacuole. That is, due to the polybasic nature of cadaverine, this polyamine might have a particularly high affinity for cellular and membrane polyanions, and, accordingly, many of the stabilizing effects of this molecule might be explained by the contribution of electrostatic interactions.
More likely, cadaverine might interact with components critical to the formation and maintenance of the phagocytic vacuole. In keeping with this view, previous studies suggest that S. flexneri Ipa proteins (principally IpaB and IpaC), either independently or as a complex, interact with and destabilize the cell membrane in order to promote lysis of the phagolysosome [47] . Since the capacity of S. flexneri to invade epithelial cells is not adversely influenced by cadaverine treatment, it is unlikely that this polyamine interferes with that function of IpaB. However, recent findings indicate that IpaC might interact with the lipid membranes in order to destabilize the membrane and induce lysis of the phagolysosome [48] . This interaction was found to occur as a function of pH and, in addition, required the presence of negatively charged lipids. These observations suggest that the presence of negative charges is essential for IpaC either to bind at the vesicle surface or to induce a conformational change that would allow for insertion of the protein in the lipid membrane [48] . In this regard, it is possible that cadaverine might interfere with the function of IpaC and stabilize the membrane of the phagolysosome by neutralizing the negative charge requirement.
Our findings that cadaverine interrupts the ability of S. flexneri to spread intra-and intercellularly led to the observation that expression of the cell-spreading phenotype by S. flexneri is necessary for the ability of the pathogen to induce PMNL transepithelial migration across model intestinal epithelia. S. flexneri icsA mutants are not defective in the capacity to adhere to and enter cells or to lyse the phagosomal membrane, but they have lost the capacity to polymerize actin and thus fail to spread from one cell to another [11] . In previous studies, the expression of IcsA has been linked to the development of active intestinal inflammation in vivo [15] . Specifically, when administered intragastrically to macaque monkeys, the S. flexneri icsA mutant caused only mild clinical symptoms of dysentery, and colonic and rectal biopsies performed on these animals showed very limited histopathologic lesions [12, 15] , compared with the heavy destruction of the epithelia observed with animals infected with the wild-type strain. Of particular relevance to these in vivo results, we also have correlated the ability of S. flexneri to induce PMNL transmigration across model epithelial with the expression of the icsA. Therefore, induction of PMNL transepithelial migration appears to be dependent not only on invasive ability and expression of a functional type III secretion system but also on the ability to spread to adjacent cells.
Our observations suggest that cadaverine retards the lysis of the Shigella-containing vacuole, such that a blockade is established in which the pathogen is prevented from adequately interacting with the cytoskeleton. Of interest, the finding that failure of S. flexneri to exhibit intra-and intercellular dissemination via a mutation in the icsA gene [21] also led to the diminished capacity of the pathogen to induce PMNL transepithelial migration suggests that signaling to PMNL may be mediated by cytoskeletal events. Indeed, S. flexneri has adapted very specific means for the manipulation of normal cellular processes of the epithelial cells that it invades, and alteration of the host cytoskeleton appears to be essential for intra-and intercellular dissemination. After entry into epithelial cells, S. flexneri lyses the primary vacuole and multiplies within the cytoplasm. To disseminate, Shigella species interact with and migrate along the perijunctional ring of actin filaments. Polymerization of actin at 1 pole of the bacteria subsequently provides the necessary force to induce the formation of fingerlike protrusions [12] that extend from the infected cell and are eventually endocytosed by the neighboring cells [11] . These bacteriacontaining protrusions form predominately in the region of the host cells' adherens junctions [12] . We are currently investigating the role of cytoskeleton-related events in the ability to mediate transepithelial signaling of PMNL.
Nevertheless, it is curious as to why a loss in the ability of S. flexneri to disseminate intra-and intercellularly would be correlated with a loss in the ability to induce PMNL trans-migration. To begin to address this issue, it is instructive to consider the biology of the gastrointestinal mucosa. The gastrointestinal mucosa separates the external microenvironment of the intestine from the internal milieu and thus provides a first line of defense against enteric pathogens. In response to a breach in this wall of defense, intestinal epithelial cells themselves actively participate in immune-derived responses. For instance, intestinal epithelial cells have been found to present antigen, express secretory components, present functional cytokine receptors, and transport immunoglobulin A into the intestinal lumen (for review, see [49] ). These features of intestinal epithelial cells demonstrate their important and active role in the regulation of the mucosal immune responses.
Since Shigella-epithelial cell interactions clearly are required to evoke the transcellular signaling cascade that coordinates the initiation of the mucosal inflammatory process [5, 19, 21, 50, 51] , it is possible that the immediate and extensive injury to the epithelial cells shortly after S. flexneri entry is the initial trigger. Thus, we speculate that antagonizing the ability of S. flexneri to efficiently disseminate impairs the engagement of downstream signaling pathways that are essential to the promotion of PMNL transepithelial migration. Consequently, such perturbation in signaling would lead only to the development of local and limited epithelial cell damage in the absence of the inflammatory destruction. Furthermore, the massive infiltration of PMNL in S. flexneri-infected tissues appears to be an early response [16, 17] . Consistent with this notion, our transmission electron microscopic analysis of Shigella-infected T84 cell monolayers (figures 1 and 2) revealed extensive loss of epithelial cell integrity exhibited by diffuse cytoplasmatic damage and by the appearance of S. flexneri freely dispersed in the host cytosol. Yet, ultrastructural analysis of Shigella-infected monolayers in the presence of cadaverine displayed a considerably healthier epithelial cell monolayer, as evidenced by a near complete absence of the extensive cytoplasmic damage.
In summary, we present a model in which cadaverine treatment attenuates the ability of S. flexneri to lyse the phagocytic vacuole and prevents subsequent dissemination within the model intestinal epithelia. Thus, severing this step in the pathogenic life cycle of S. flexneri interferes with the signals and pathways required to induce the inflammatory response characterized by PMNL transepithelial migration. Future experiments will be needed to understand the molecular mechanism(s) of cadaverine action. However, regardless of the mechanism involved, the compartmentalization of S. flexneri to the phagolysosome and hence to the periphery of the cell appears to be a protective response that is advantageous to the host. The involvement of cadaverine in modulating inflammatory responses is at present an unappreciated area of study. Since the virulence phenotype of Shigella species is incompatible with the presence of cadaverine, we may be able to exploit this polyamine as a molecular tool to unlock the mechanisms by which Shigella species induce a proinflammatory response characterized by transepithelial migration of neutrophils.
